Abstract-This Hypertension Grand Rounds shows how applying new clinical laboratory techniques helped to diagnose pheochromocytoma in a difficult case. In the setting of long-standing, sustained hypertension, the patient had a hypertensive paroxysm during anesthesia induction for surgery, leading to suspicion of a pheochromocytoma. Conventional testing, including CT scanning and fractionated urinary metanephrine test, was not diagnostic. The patient had another hypertensive paroxysm during subsequent anesthesia induction, requiring intensive care. Consistently elevated plasma levels of free normetanephrine provided the first and only biochemical evidence for a pheochromocytoma in this case. 6-[ 18 F]Fluorodopamine positron emission tomography and 123 I-metaiodobenzylguanidine scintigraphy subsequently agreed on the existence of a small left adrenal mass, which when removed surgically proved to be a pheochromocytoma. Postoperatively, plasma levels of normetanephrine normalized, and there were no further hypertensive paroxysms, although the patient remained hypertensive. This case illustrates the superiority of plasma levels of free (unconjugated) Key Words: pheochromocytoma Ⅲ norepinephrine P heochromocytomas are rare but clinically important tumors of chromaffin cells that take up, produce, store, release, and metabolize catecholamines. Pheochromocytomas usually-but not always-manifest clinically as hypertension, which can be sustained or paroxysmal. Because most pheochromocytomas are benign adrenal tumors, pheochromocytoma constitutes a potentially surgically curable cause of hypertension. Failure to diagnose the tumor can result in sudden, unexpected, and potentially lethal complications. Because of these considerations, clinicians often wish to test for pheochromocytoma in patients who have hypertension and symptoms or signs suggesting catecholamine excess.
P
heochromocytomas are rare but clinically important tumors of chromaffin cells that take up, produce, store, release, and metabolize catecholamines. Pheochromocytomas usually-but not always-manifest clinically as hypertension, which can be sustained or paroxysmal. Because most pheochromocytomas are benign adrenal tumors, pheochromocytoma constitutes a potentially surgically curable cause of hypertension. Failure to diagnose the tumor can result in sudden, unexpected, and potentially lethal complications. Because of these considerations, clinicians often wish to test for pheochromocytoma in patients who have hypertension and symptoms or signs suggesting catecholamine excess.
The diagnosis and treatment of pheochromocytoma depend on demonstrating increased catecholamine production and identifying the location of the tumor. In most cases, conventional clinical laboratory tests suffice. Urinary excretion of catecholamines or their metabolites can indicate a hypercatecholaminergic state, and computed tomography or MRI, coupled with 131 I-metaiodobenzylguanidine scintigraphy, can detect an adrenal tumor of chromaffin tissue. 1, 2 Computed tomography and MRI are essentially anatomic modalities that offer high spatial resolution but limited specificity. This is a potentially important weakness, because not uncommonly patients have incidental adrenal masses that are not pheochromocytomas. In contrast, 131 I-metaiodobenzylguanidine scintigraphy 3 exploits 2 important functional characteristics of chromaffin cells-uptake of catecholamines and sympathomimetic amines, via a specific cell membrane norepinephrine transporter, and vesicular sequestration of these compounds, via a vesicular monoamine transporter.
131 I-metaiodobenzylguanidine scintigraphy offers high specificity for identifying chromaffin tissue but has limited sensitivity. Clinicians therefore usually order a battery of tests, including levels of catecholamines or their metabolites, computed tomography or MRI, and 131 I-metaiodobenzylguanidine scintigraphy. When the results of these tests are positive and consistent with each other, pheochromocytoma can be diagnosed, and the patient can be submitted to surgery.
In discussing the patient presented here, we provide an update and guidance to help clinicians diagnose pheochromocytoma efficiently and cost-effectively using an algorithmic approach. We believe that adoption of such an approach minimizes the likelihood of false-positive results, an inherent risk of the "shotgun" tactic of performing multiple imperfect tests concurrently, while using sufficiently sensitive means to detect pheochromocytoma when the patient actually harbors the tumor.
Case Summary
A 70-year-old white man was referred to the National Institutes of Health for clinical evaluation of possible pheochromocytoma. He had high blood pressure for many years.
During general anesthesia before planned surgery for a right parotid gland mass, he had wide-complex tachycardia and extreme hypertension, followed by bradycardia and hypotension. The surgery was aborted. MRI and magnetic resonance angiography suggested hemangioma of the spleen and duplicated left renal arteries, without renal artery stenosis. There was no indication of an adrenal mass. Urinary excretion rates of normetanephrine and metanephrine were normal (Table) .
Several months later, the patient had another episode of wide-complex tachycardia and extreme hypertension during anesthesia induction, followed by bradycardia and circulatory collapse. While the patient received high-dose epinephrine intravenously, left ventricular ejection fraction was decreased at 20% to 25%, and systemic vascular resistance was low. After treatment in the intensive care unit for 4 days and discontinuation of intravenous epinephrine, the echocardiogram showed normal left ventricular function.
Subsequent biochemical testing indicated normal urinary excretion of catecholamines and fractionated metanephrines (Table) .
131 I-metaiodobenzylguanidine scintigraphy showed nondiagnostic "mild focal uptake in the left region of the left adrenal gland." Abdominal computed tomography showed a 1.5ϫ1.5-cm nodule in the inferior pole of the left adrenal gland; and MRI of the adrenals showed a 1.5-cm nodule in the lateral limb of the left adrenal gland. The patient was referred to the NIH for further evaluation. At the NIH, the patient's plasma catecholamine levels were normal, as were 24-hour urinary excretion rates of catecholamines and fractionated metanephrines (Table) . Serum chemistries and complete blood count were also normal or noncontributory, and aldosterone and plasma renin concentrations were normal.
The concentration of free (unconjugated) normetanephrine, however, was elevated over a 2-week period. Because of the entirely normal plasma norepinephrine levels, the plasma normetanephrine/norepinephrine ratio (0.69) was also increased above the range previously established for patients with false-positive increases in plasma normetanephrine (0.09 to 0.52). 4 The concentration of metanephrine was within normal limits. The elevated plasma normetanephrine concentration and increased plasma normetanephrine/norepinephrine ratio were the first and only biochemical findings supporting a diagnosis of pheochromocytoma in this case. Clonidine suppression testing was not performed because of the patient's concerns about possible side effects. 6-[
18 F]Fluorodopamine positron emission tomography indicated a left adrenal mass ( Figure  1 ). After 123 I-metaiodobenzylguanidine scintigraphy confirmed the existence of a focus of radioactivity in the left adrenal gland, the patient was submitted to surgery. An approximately 1.5-cm 3 mass was removed from the left adrenal gland. Surgical pathology was diagnostic of pheochromocytoma. Postoperatively and at 5-month follow-up, the patient continued to have hypertension, which was controlled with medication, but plasma levels of metanephrines were normal.
Approximately 6 months after removal of the pheochromocytoma, and Ϸ1.5 years after the initial episode, which anesthesia induction for elective surgery had evoked, the patient underwent the planned surgery under general anesthesia without incident.
Discussion
This case illustrates several scientific and practical points related to the diagnosis, localization, and management of pheochromocytoma. Ur indicates urinary excretion, g/24 h; NMN, normetanephrine; MN, metanephrine; NE, norepinephrine; EPI, epinephrine; Pl, plasma, pg/mL. *Upper reference limit for patients with hypertension. First, the finding of a high plasma level of free (unconjugated) normetanephrine constituted the initial and only biochemical indication of a pheochromocytoma. Repeated measurements of plasma levels of catecholamines and urinary excretion rates of catecholamines and "fractionated metanephrines" (normetanephrine and metanephrine quantified separately) yielded false-negative results. The finding of normal plasma levels and urinary excretion rates of catecholamines, with elevated plasma free normetanephrine levels, can be explained by episodic release of catecholamines, whereas metanephrines are produced continuously from leakage of catecholamines from storage vesicles into the cytoplasm of pheochromocytoma tumor cells. 5, 6 Usually, elevated plasma levels of normetanephrine and metanephrine are accompanied by a similar pattern of increased urinary excretion of "fractionated" metanephrines. During testing at the NIH, the patient did have a slightly elevated urinary excretion of normetanephrine compared with the reference range in normotensives; however, the patient was hypertensive, and the urinary excretion of normetanephrine was within the reference range for hypertensives.
Second, our usual approach at the NIH for patients with slight to moderate elevations of plasma normetanephrine is to confirm the finding as a true-positive or a false-positive result using the clonidine suppression test. This test is used for distinguishing high plasma catecholamine levels caused by increased sympathetic nervous system outflows from high levels caused by a high rate of secretion by a pheochromocytoma; 7, 8 however, the test has limited value in patients with normal or mildly elevated plasma catecholamine levels. 9 Measurement of effects of clonidine treatment on plasma levels of normetanephrine overcomes this limitation. 4 In the event that clonidine suppression testing is not performed, a high ratio of plasma metanephrines to the corresponding catecholamines during follow-up testing can provide a confirmatory biochemical test result, 4 Unfortunately, availability of these superior tests remains limited in the United States. 14 Fourth, sustained hypertension and normal plasma catecholamine levels occurred independently of pheochromocytoma. Therefore, the finding of normal plasma catecholamine levels in a patient with hypertension should not be taken as excluding pheochromocytoma.
Fifth, and probably most important, even a small pheochromocytoma, if left undiagnosed, can cause unexpected, catastrophic consequences. In our patient, a seemingly minor manipulation, anesthesia induction, evoked paroxysmal hypertension, followed by bradycardia and circulatory shock. Chronically, patients with pheochromocytoma can have a severe and potentially lethal form of dilated cardiomyopathy. [15] [16] [17] The pathological picture includes myofibrillar disruption, high intracellular ionized calcium concentrations, and contraction band necrosis, reflecting direct toxic effects of catecholamines via adrenoceptor occupation on myocardial cells, rather than indirect effects via coronary ischemia. The chronic cardiomyopathy seems to depend on persistently high circulating levels of catecholamines, because after surgical removal of the tumor, the cardiomyopathy can resolve rapidly. 16, 18 Our patient had cardiomyopathy acutely, probably from intravenous epinephrine administered in an attempt to treat bradycardia and hypotension. Discontinuation of the infusion normalized the patient's decreased left ventricular ejection fraction, despite the continued presence of the pheochromocytoma. Perhaps catecholamine secretion by the pheochromocytoma interacted with the exogenous catecholamine to produce toxic cardiac effects.
The results confirm the value of an algorithmic approach to the diagnosis of pheochromocytoma (Figure 2) . Briefly, the initial diagnostic test of choice is plasma levels of free (unconjugated) metanephrines. This is an extraordinarily sensitive test, and if negative, as the results usually are, pheochromocytoma is excluded, and the workup can end. 19 If plasma levels of free (unconjugated) normetanephrine are moderately increased (to approximately Ͻ4-times the upper reference limit), then confirmatory biochemical testing is indicated. We recommend a clonidine suppression test, with measurements of plasma norepinephrine and normetanephrine. 4 If the results are consistent with pheochromocytoma, then conventional anatomic tests, coupled with functional imaging, should be performed. Expensive and timeconsuming imaging tests therefore are kept to a minimum.
Because of poor sensitivity, 131 I-metaiodobenzylguanidine scintigraphy should be supplanted by 123 I-metaiodobenzylguanidine scintigraphy, 6-[
18 F]fluorodopamine positron emission tomography, or other functional positron emission scanning modalities, if available. 20, 21 The recent introduction of combined positron emission tomography/CT scanning holds promise for streamlining the diagnostic testing sequence.
We hope that, in the future, routine application of multiple conventional tests simultaneously will be replaced by newer superior biochemical and imaging modalities applied in an algorithmic manner.
